Abstract: Vision impairment and blindness arise both as a cause and a consequence of poverty. Achievement of the United Nations Sustainable Development Goals in providing universal access and equity in eye care, both within and between countries, remains challenging. A severe shortage of eye care providers is creating unnecessary blindness and vision impairment in developing communities worldwide. Education and training develops and strengthens the capacity of emerging nations to contribute to global eye health and the World Health Organization Development Goals in an effective and sustainable way. Compared with other medical professions, adoption of simulation in ophthalmic training has been relatively slow. Simulation potentially reduces training costs, increases accessibility, offers objective measurement of training outcomes, and improves patient safety during and after clinician training, all of which can help address the global burden of vision impairment and blindness. Simulation training offers advantages over apprenticeship models, the traditional mode of transferring knowledge and skills in medicine and health, which suffers from imperfect transference due to inherent biases, heuristic and idiosyncratic expectations of experts, and subjective measures of outcomes. Simulation does not completely remove these confounders because it is made to fit into established curricula, making it difficult to measure effectiveness of the simulation in isolation. The power of simulation training for resource-limited regions and countries is immense in offering cost-effective training in-country; however, it is important that any such tools are developed within the context of the limitations in situ.
technologies by the medical community has been rather slow due to perceived cost relative to perceived benefit, reluctance in teaching some of the more sophisticated technologies, and scepticism of the transferability to the real world of skills developed via simulation. 5 The advantages of simulation technologies in resourcelimited countries and regions are perhaps even greater than in well-resourced regions in providing an opportunity to build trust between traditional and western health care, offering in-country training, and the potential of rapid and specific upskilling of local workforces to dedicated clinical processes that might not require comprehensive healthcare education. 6 In relation to eye health, many sight-preserving and sightrestoring interventions improve quality of life and participation and engagement in income-generating activities, thus contributing to reducing poverty that is both a cause and a consequence of reduced eye health. 1 In this review, the opportunities for simulation technologies to enhance training and community access to such technologies will be discussed along with attendant advantages and disadvantages. How these technologies can be utilized in regional, remote, and resource-limited environments will be examined, and finally an example of a simulator in the form of a virtual refractor developed at the Brien Holden Vision Institute will showcase the use of such technologies in eye health.
For over 100 years surgical training (including ophthalmic surgical training) has conformed to the Halstedian model of residency training with its emphasis on graded responsibility. 7 Under this "apprenticeship", the novice surgeon develops competence through reading, observing, and performing supervised surgery on "real" patients with the number of surgeries rather than skills developed being regarded as the benchmark of surgical competence. 8 Medical simulation can take many forms including manikins, wet laboratories that use animal or cadaver tissues, simulated patients, virtual and augmented reality, telemedicine, serious games, task-trainer/part-task trainer, and more. For ophthalmic surgery, an "ideal" simulator would provide a virtual eye indistinguishable from a (real world) living eye in both look and feel. This would be accompanied by a standardized comprehensive curriculum with objective measurable outcomes that accurately reflect student performance and predict surgical performance in live patients. 9 In 2011, Cook el al 10 reported results of their meta-analysis comparing technology-enhanced simulation training for medical professionals with no intervention. They found that the simulation training was consistently and positively associated with large effects for outcomes of knowledge, skills, and behaviors of medical professionals and moderate effects for patientrelated outcomes. 11 This offers additional avenues of training in well-resourced environments and has the potential to overcome barriers in resource-depleted training programs that lack consumables, quality equipments, and adequately trained facilitators.
In 2015 an estimated 36 million people were blind, 217 million were moderately or severely visually impaired, and 188 million had mild vision impairment. 12 Vision interventions offer some of the greatest returns on investment. 13 However, due to population growth and an aging global population, the increase in numbers of people who are blind or visually impaired seems to be accelerating. 12 Ophthalmology is considered a late adopter of simulation technology, 11 hence, introduction of technologies that offer the potential of reduced training costs and increased access, along with standardized training and improved patient safety during training, are urgently needed.
Advantages

Cost
Development costs have been seen as a barrier in general to medical training via simulation.
14 However, many reports suggest simulation such as virtual reality as offering the potential for cost-efficient, maximal skill transfer in minimum time.
11 One study investigated the cost of virtual reality training using the Eyesi surgical simulator (VRmagic Holding AG) that facilitates training in microsurgical procedures on a model eye. 15 The authors reported cost savings differed based on the number of residents in the program. Although modeling of savings in operating room costs from increased efficiency even under the most optimistic scenarios did not offset the cost of the simulator, studies into increased surgeon confidence, reduced teacher/learner stress, and increased resident recruitment might yet find additional economic advantages to this instrument and such expectation of potential benefits could be factored into decisions to purchase the simulator.
Cost savings can also be viewed from the perspective of reduced burden of blindness and vision impairment. An example of such can be found in tele-education for ophthalmology residents in diagnosing retinopathy of prematurity (ROP). 5 Telemedicine for ROP diagnosis is more cost-effective than examinations by indirect ophthalmoscopy. Average costs per quality-adjusted life year gained with telemedicine are US$3193 compared with US$5617 for indirect ophthalmoscopy. Targeting kids at risk saves almost US$200,000 in societal lifetime cost. Because there are well-defined criteria for diagnosis and time is critical, it is possible to train nonophthalmologists such as nurses or nonphysician readers to perform first readings, thus offering further cost savings. 5 Finally, some very creative simulators with miniml cost have been reported in the literature, which will be discussed below.
Mitigation of Risk
The advantages of medical simulation reach far beyond direct (and indirect) cost savings. The use of virtual reality (VR) in medicine, which should offer "real-like body parts or avatars that interact with external devices such as surgical instruments as near as possible to their real models", 16 has become essential in highrisk medical fields where errors must be avoided and human and economic risk must be minimized. 8 Although VR is being taken up around the world, clear evidence is still lacking as to the best practice in using such equipment in relation to when and where VR should be used in ophthalmic training. 11 The International Forum of Ophthalmic Simulation (IFOS) has been created to provide such evidence. This venture, which has global participation, is administered through a networked cloud of Eyesi simulators. 11 Members can extract and analyze research data from which individual programs can be benchmarked with the overall result in accelerated and augmented ophthalmic surgical training where skills transfer becomes optimally time and cost effective.
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Simulations offer advantages over traditional apprenticeship models of medical education. Apprenticeships rely on transference of knowledge and skills passed down through generations of educators who carry their own personal strengths, weaknesses, biases, cultural beliefs, personalities, and subjective assessments. 9 Objective assessment of skill level is lacking under such system. Simulations offer the opportunity to provide objective, performance-based training progression because automated tools remove bias, 17 and it has been reported that residents are more willing to make mistakes when using a simulator than in front of their teachers or peers. 18 One corollary of the objectivity of such training and assessment is that the background into which the simulator is introduced might still exert biases that make objective assessment of training outcomes hard to assess. Such potential confounders will be discussed further with specific simulation examples.
Medical simulators have been proposed to help reduce wariness and mistrust of western procedures by indigenous and spiritual healers in resource-limited countries when implemented in the context of the community, showcasing how modern practices can improve health without destroying or disempowering local or tribal customs. 6 Simulation training can additionally contribute to forestalling the "brain drain" experienced when the best and brightest medical trainees, 19 who, in the face of extreme shortages of professional clinicians, health care teachers, and lecturers, travel internationally to acquire skills and fail to return home, or who move to higher-earning countries thus further depleting the resources of their home country, effectively subsidizing the healthcare systems of the wealthier countries to which they migrate. 19 In Europe the European Working Time Directive, which ensures patient safety, makes additional time for training very difficult. Therefore, there is an increasing demand for innovative methods of training that are shorter and more cost-effective to allow learning in a safe environment. 19 Such advantages can also extend to professionals from low-to middle-income countries who hesitate to undergo further training because their time and effort will not be directly remunerated. 9 
Disadvantages
In the midst of the growing acceptance of medical simulation, it is important to be aware of the potential disadvantages of such technologies at the present time.
Simulators can lack realism. A 2015 report on cataract surgery simulators suggested they lacked a realistic surgical feel with graphics that were clear but not photorealistic. 9 Further, these simulators were limited to specific simulated task training rather than comprehensive training. 9 Background and subjectivity feed into the concept of authenticity: the idea that the situations under which a trainee is assessed should closely mimic the real world scenarios that will be faced.pyramid of clinical competence in which the progression from "knows" to "knows how" to "shows how" to "does" indicates increasing competency. 21 They found that for some simulations, though experts generally agreed on the expected outcomes, they differed in the process thought to be most acceptable, 20 exposing the heuristic and idiosyncratic approaches of experts. Interestingly, the candidate's correlation for simulated diagnosis was found to be low, indicating that a trainee could score high on one round and low on another in the same series. This context specificity called into question the validity of such simulations in that they seemed "domain specific". Further, it was shown that intermediate-level trainees often scored higher than the experts, 20 raising doubts as to whether the most salient skills are being measured during a simulation. These same authors also raised the issue of how information is elicited. Contextually rich stimuli (offering a cueing effect) induce a more problem-solving mindset than the context-poor alternative. 20 However, when too much detail is provided, reliability of assessment decreases due to trivialization. Hence, authenticity alone is not a reliable measure of validity of simulation. One of the overarching perceptions of simulation is that it is cost-saving. However, a study on the cost-to-benefit of a simulator for phacoemulsification in ophthalmic training reported that though there was a wide range in cost reductions in residency programs dependent on size of the program and years of training, no residency would ever regain the purchase price of a VR simulator through operating room time saving alone. 15 However, although cost savings associated with VR training did not offset the purchase, the authors suggest potential savings in other aspects of practice detailed earlier.
Rural, Remote, and Resource-Limited Regions
It is well known that direct export of training programs from highly developed to resource-limited regions is not tenable due to differences in human resources, access to specialized equipment, and differences in scale in health system development. 22 Efforts to replicate traditional western training methods in developing nations are often met with resistance or apathy. 9 Integration of ophthalmic simulations in training in remote and resourcelimited countries and regions requires that tools are developed within these contexts. Designers must be conscious of available infrastructure support and introduce skills and concepts that are practical and sustainable within the context as a priority over what might be desirable but impractical. 6 The educational backgrounds of trainees in developing nations are often non-western and cultural barriers limit the effectiveness of outside methods. 9 The sensitivities of introducing such training programs into lessdeveloped regions are highlighted in a discussion of utilizing telemedicine in ophthalmic simulation for training of ophthalmic residents to diagnose ROP, 5 which will be discussed in greater detail below. Telemedicine is discussed here as both a training and a diagnostic tool, citing the example of a single ROP ophthalmologist provider in Lima, Peru for a population of 8 million. The advantages of telemedicine in this situation are discussed. An important cautionary note is added that, as ROP is rare and there are few ophthalmologists able or prepared to work in this field, the extension of telemedicine in this arena is a powerful tool that offers great opportunity in diagnosis. However, ironically, implementation could further reduce the opportunities for trainees to experience bedside training in this condition, of which the caution can certainly be generalized to other limited training opportunities.
Assessment of Simulation Technologies
Finally, in addressing the disadvantages of these nascent technologies to ophthalmology, as the uptake of medical simulation training is relatively new, assessment of the impact of these technologies is concomitantly rather underdeveloped. One of the biggest hurdles facing objective assessment of these emerging technologies is the very fact that simulations are designed to fit into existing curricula and assessment models, and hence, teasing out the contribution of the new teaching technologies within the context of the existing pedagogy is difficult. 23 Assessment via questionnaires eliciting whether the student found the simulation "useful" is very limited as "use" is a subjective measure open to interpretation by both student and assessor. Best practice would indicate randomized double-blind trials with a mix of novice and experienced surgeons. Reports suggest students are wary of such designs fearing they might miss out on some training and are also threatened by the prospect of showing a lack of skill in front of their seniors. 24 Hence, rigorous evidence of the true potential of simulation in ophthalmology is lacking.
SIMULATIONS
Although it is impossible to draw up an exhaustive list of simulations in the ophthalmic training arena, we present a number of simulations that can be applied in both well-resourced and resource-limited environments in an attempt to illustrate the power and potential pitfalls of such.
Wet Laboratories
Wet laboratories (wet lab), which offer simulations based on animal, cadaveric, simulated, or synthetic models, are an effective method for developing surgical proficiency, 25, 26 and providing a risk-free environment in which residents are introduced to the technical aspects of surgery. 27 Accredited ophthalmology residency programs in the United States are required to have a surgical wet lab. 28 Initial reports of wet labs focused more on these models and devices rather than assessment of teaching and assessment. 29 A 2013 study 30 comparing wet lab training with simulator training for ophthalmology residents during the capsulorhexis in cataract surgery found that students trained in the wet lab were faster and felt more prepared in the use of the physical instruments in the operating theater, though there was no statistically significant difference in overall performance between the 2 groups. A study surveying 116 residents around preparedness for cataract surgery found those with access to supervised wet labs reported a greater sense of competence than those who practiced independently in the wet lab, again highlighting how context and direct feedback are important in assessing the effectiveness of any simulation. 28 The authors also alluded to a positive expectation in the power of the technology as encouraging greater use of the methodology and that resident-perceived competence varied in relation to other educational opportunities, especially regular access to senior surgeons for discussion. One study reporting a mixed method of videos and wet labs again highlighted the importance of correct outcome measures in citing how trainees who had not watched the videos for oculoplastics were faster in the wet lab because they were less thorough than those who had viewed the video instruction. 31 Finally, in the developing world, wet lab training reported around half the ophthalmology students surveyed from Karnataka state and southern India received no wet lab training. Overall, 40% of these trainees expressed dissatisfaction with training received during their residency. In the early days of VR simulation development, wet labs were perceived as offering a superior training environment for inexperienced surgeons. 8 However, objective tracking of improvement is difficult with wet lab training given the apprenticeship nature and attendant disadvantages of such training already addressed above.
Virtual Reality
According to Colt et al, 33 VR is "a computer-based, simulated environment in which users interact with a high-performance computer, graphics, specialized software, and devices providing visual, tactile, and auditory feedback, thereby simulating a truelife environment." The "objective" (given the corollaries stated earlier) performance-based training progression offered by simulated technologies is exemplified in an early landmark VR study in 2002 34 that simulated examination of VR platforms for many different surgeries including cataract surgeries, retrobulbar injections, 35 and tactile feedback training. 8, 36, 37 A meta-analysis in 2011 concluded that VR technology enhanced simulation training, compared with no training, and was associated with significant improvement in knowledge, skills, and behaviors. 10 In 2013, the IFOS was set up to provide an evidence-based platform to understand the best place for VR simulation in ophthalmic training programs. 8 In current practice, the regular use of VR simulators is considered essential in high-risk fields where errors must be avoided and human or economic risk must be minimized. 8 The Eyesi surgical simulator, originally developed as a vitreoretinal surgical training device, has since been extended as a training device for forceps, antitremor, capsulorhexis, and phacoemulsification. 38 With more than half of all cataract-induced blindness 10 and half of all cataract operations in China resulting in blindness, 39 simulation training is an attempt to stem this alarming continued rise in global burden of cataract blindness due to insufficiency and uneven distribution of appropriately trained surgeons. 10 Virtual reality can overcome the real-life limitations of cataract microsurgery training with its scant tolerance for error and limited room for assistance during the procedure resulting in limited hands-on experience for trainees. 40 The Eyesi surgical simulator has been used successfully for posterior segment membrane peeling tasks, 41 anterior segment forceps and antitremor training, achievement of surgical target or goal, reduction of surgeon error/tissue injury, and formative education during a task. 38 Additionally, a real-world outcome that distinguishes experienced from novice surgeons with VR training is the lower variability in outcome measures which, it is suggested, should also be evaluated in any assessment of competency. 38 
Telemedicine
Retinopathy of prematurity is a leading cause of childhood blindness in the United States. 5 However, trainees and residents have very limited exposure to this debilitating condition. Even seasoned ophthalmologists are, in general, not experts in the diagnosis and treatment of ROP as only one-third of ophthalmologists treat children under 1 year of age and fewer of these provide ROP care. 5 Diagnosis of ROP is, despite an international definition, 42, 43 still relatively subjective and qualitative with considerable variation in diagnosis by experts. 5 Additionally, a large proportion of ROP experts indicate they might limit their work in the future due to medical liability and perceived poor reimbursement. 5 Finally, it is unethical to examine ROP infants multiple times as they can suffer increased stress-induced morbidity from the trauma of the indirect ophthalmoscope. 44 Hence, under these conditions, simulation in the form of telemedicine is proving invaluable for training and diagnosis. 5 Previous studies have examined webbased image assessment comparing fellows with expert pediatric retinal specialists, with the finding of high specificity but lower sensitivity in diagnosing type 2 ROP and treatment-requiring ROP by the more inexperienced fellows. 45 Chan et al 5 examined the benefits of using a tele-education system in ROP training consisting of clinical diagnosis of both eyes of a single patient per week over 8 weeks with tutorials, tests, and feedback. Results indicated improved trainee recognition and diagnosis of ROP, with increased accuracy in line with increased training, and increased agreement resulting in a high degree of trainee satisfaction. 5 Despite such positive outcomes, telemedicine in ophthalmology has not yet gained wide acceptance. 46 Rathi et al 46 provide an eloquent discussion of the applications of telemedicine to ROP, diabetic retinopathy, age-related macular degeneration (AMD), and glaucoma. Briefly, they report on success in tele-ROP approaching 100% specificity without any adverse events 47 ; on various cost-effective tele-diabetic retinopathy programs for at-risk and remote populations offering promising results with room to improve clinical validity; and on very recent studies of AMD telemedicine diagnosis indicating less validity in this diagnosis than for diabetic retinopathy. Finally, they discuss a recent meta-analysis of teleglaucoma versus in-person screening indicating cost-effectiveness, increased rates of referral, and reduced patient travel time and length of visit.
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Three-Dimensional Technology
Three-dimensional (3D) technology enables the user to experience width, depth, and height to simulate real life. 24 This includes VR, printing, and interactive mobile apps. An elegant review by Kostusiak et al 24 has assessed the recent literature pertaining to 3D simulated surgical training, which provides a rigorous analysis of the quality of assessment of these technologies. A recent review offers a single example of 3D simulation in the printing of rigid gas permeable (RGP) lenses. 49 These lenses are ideal for refractive error correction, treating keratoconus, and corneal transplant. However, RGP fitting is not easy on irregular corneas and repeated trying on of lenses is not only uncomfortable but also dangerous as it increases risk of corneal shedding or infection. A safer method of fitting RGP lenses uses corneal topography obtained through simulation of a fluorescence evaluation map based on the corneal anterior surface data and RGP lens design parameters. This simulation reduces the number of trial lenses required. Limitations of this technology, however, include the fact that positioning of the lens is influenced by the weight of the lens itself and by eyelid weight, which is even more influential with an irregular cornea. Current simulators cannot yet model the effect of lens weight.
Serious Gaming
A main rationale for serious gaming in health is to appropriate the heightened motivation that results through interaction with systems such as electronic games that are purpose-built for enjoyment and engagement and hence provide basic need satisfaction. 19 Well-designed serious games introduce layering to increase voluntary adherence to training. 50 A study from Graafland et al 51 was the first to show acceptance of a serious game as a surgical training format to increase awareness of equipmentrelated malfunctions during minimally invasive surgery (MIS). The introduction of complex technology and electronic equipment during MIS has progressed the field but also placed an increased mental workload 52 on surgeons and theater nurses, especially novices, which can lead to errors because the untrained brain has limited capacity under stressful circumstances to recognize changes or unexpected events, "even if they occur in plain sight". This "inattentional blindness" 53 can lead to delayed reactions or inaccurate recognition of potentially harmful situations within the operating theater. Equipment failures lead to delays in operating time and complications for patients. Surgeons with heightened "situational awareness" are less likely to make technical errors. 51 Video gaming for MIS 54 has shown significant value in improvement of technical skills.
To train students in the use of an ophthalmoscope, a head-mounted display (HMD) VR that uses Google Cardboard 1 and Ritech II VR HMD and smart phones has been developed. 55 The modules comprise levels of tutorials and quizzes. The gamification consists of points for successful completion of each activity and rewards for completion of a level. At the end of training, the user can receive a badge signifying overall level of success. Usability tests were performed on naive users with no medical training along with medical students. Evaluations quickly highlighted problems and solutions were incorporated. Users reported positive feedback when using the app, success in learning how to perform an eye examination, improved understanding of ophthalmology processes, and improved confidence to perform eye examinations in the future. They indicated the training was enjoyable and that they would use such simulation again. The authors report that the app is not meant to fully replicate the experience of using an ophthalmoscope as its use is dependent on other clinical elements but rather, the game helps demonstrate stepwise systematic processes needed.
Ophthalmic simulations are useful for patients and providers of care. Connors et al 56 have developed an action game based on audio cues for blind adolescents to assist their development of spatial cognitive and navigational skills for independent navigation. Virtual environments and gaming can transfer spatial knowledge to, and be used by, blind individuals to help navigate real-world environments. 56 De Bortoli and Gaggi 57 report an eye test for preschool children that uses an interactive iPad touch screen. The app seeks to engage children via the serious game paradigm in undergoing a Lea vision acuity test without knowing it is an eye test. The serious game eye test engages very young children for longer than a routine eye test, thereby helping to improve diagnosis. This game measures both visual acuity and color blindness. The game can be administered by an optometrist or even a classroom teacher when specialists are unavailable. The interface is simple, requiring no special computer knowledge of teachers, optometrists, or children.
Finally, Dias et al 58 have developed vision testing for older adults using a smart phone. Four vision tests-near vision, contrast sensitivity, shape discrimination, and distance visual acuity-are adapted into a game-like Android application. The designers have mitigated potential pitfalls including screen size, environmental light, and testing distance by incorporating distance measurement, light condition evaluator, brightness setting override, and prototype sizes calibration. The authors report positive results for distance acuity but made no mention of the success or otherwise of the other measures. 58 
Holo Eye Anatomy
Learning and visualizing anatomy is key to a deeper understanding of the function and structure, along with pathological process in the visual system. Mixed reality, combining virtual and augmented reality, provides a learning and teaching tool to project 3D eye models in space, allowing engaging and interactive learning from a new perspective.
The Holo Eye Anatomy application, developed by the L V Prasad Eye Institute, works with the Microsoft HoloLens headset. Based on the concept of augmented reality, the application allows users to interact with a virtual 3D model or hologram of the eye using hand gestures to pan, zoom, rotate, or slice the 3D model into component layers or to the level of individual cells such as the cornea.
Simulated Patients
Health care is a complex social system in which communication and teamwork, along with other nontechnical skills, play a large role in the safety outcomes. 4 The use of role play and case studies in a controlled environment in which actors are taught to portray patients in a realistic and standardized manner enables comparative assessment of communication skills during assessment. 59 Assessment outcomes include measures of technical skills, synthesis of knowledge, management of crisis, complex patients, and therapeutic communication.
Because patient safety is always of the utmost priority, it is difficult for ophthalmologists-in-training to gain early experience in emergency and/or high-risk situations. Presentations to the emergency room cannot be controlled and hence it is not possible to standardize the student experience nor under such conditions can students be exposed to a structured presentation of simple to complex cases, thus making assessment difficult. In addition, high-risk ocular scenarios might not be common in emergency room presentations (with only 2% of emergency room visits being ocular in nature). 60 Hence, use of a high-fidelity human patient simulator offers scheduled, standardized, and incremental learning experiences. 61 Volunteers or actors can serve as simulated (standardized) patients to portray patients in "real" and consistent (standardized) situations. 62 These simulations aim to support student practitioners in honing skills related to developing rapport with the patient, obtaining pertinent history, documenting correctly, establishing appropriate treatment plans, and communicating such to the patient. 62 Standardized patients can be used in combination with task training (manikins or specific equipment designed for the task) to facilitate integration of communication contiguously with use of equipment. 59 Assessment during simulation alone or in combination can validate learners' knowledge, skills, critical thinking, and communication.
Quality of communication in the therapeutic arena can have direct and/or indirect effects on patient health outcomes. 63 In discussing the role of medical simulation training, Campbell et al 63 suggest that therapeutic communication "aims to enhance the patient's comfort, safety, trust or health and well-being" and hence, contributes through establishing trust and a therapeutic relationship, to improved health and sense of well-being, and a safe environment. Conversely, miscommunication has been linked to adverse events or clinical errors, affecting the patient's quality of life. 64 Role plays and simulated case studies are expensive and time consuming but such training is desirable in obtaining objective data related to competency. 61 The standardized patient is an invaluable tool in developing, and assessing, communication skills and empathy. "Real life" scenarios are also a great opportunity for residents to learn about cultural (such as greeting, verbalization, eye contact, etc) and/or health literacy barriers that might be misinterpreted by the clinician. 65 Standardized or simulated patients also offer the opportunity for interprofessional education with practitioners from various disciplines practicing together on "experienced patients" under controlled conditions. Skills such as leadership, respect, and perspective for roles and scope of practice within and among disciplines can encourage further development of communication strategies. 63 Additionally, such a learning environment engages curiosity and inquiry and encourages critical thinking, clinical reasoning, and self-reflection, especially in relation to debriefing.
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Low-Technology and Remote and Regional Appropriate Alternatives
On the opposite end of the cost scale, the literature cites examples of low-technology task trainers that can be used to address specific purposes in teaching and in validating trainees' clinical competence. Such examples are useful in both well-resourced and resource-limited environments. Selected examples illustrating principles of economy, accessibility, and effectiveness are discussed.
Back in 1995, a model was developed in Tulane University Medical Center to mimic both direct and indirect ophthalmoscopy simply using a slide holder positioned within a Styrofoam "head"-over which a plastic face is placed-complete with a protruding anatomically correct eye from which the posterior segment had been removed. 68 Fundus slides could be inserted through the side of the head. 68 This model taught correct use of the ophthalmoscope to correctly identify the fundus image. The authors offer, among the advantages of the model, that the "student cannot frustrate or anger the model with clumsiness, uneasiness, inability or extended examinations", which presumably makes for a more harmonious learning experience. 68 In an even more simple learning model, in 2009 the Wisconsin School of Medicine designed an extremely crude but effective simulation for direct ophthalmoscopy using a tin can with a fundus image stuck to the base. 69 Although these crude but effective simulators were not designed in remote or resource-limited environments, such designs are readily transferrable to less well-equipped countries or regions.
Moisseiev and Michaeli 70 reported development of a "simple, reusable and inexpensive" simulator to teach YAG posterior capsulotomy. To save money, the authors suggest that out-of-date (and otherwise useless) intraocular lenses can be used. The lenses are coated with a paste of artificial sweetener to mimic posterior capsule opacification. This is a simple, cheap, and reusable device that offers students the opportunity to practice at will and without supervision while assessment can be provided at a later date. Students who had never been exposed to YAG posterior capsulotomy became competent by the end of a single session.
Another cheap and effective simulator from the same group 60 prepares trainees for laser retinopexy around retinal breaks. Posterior vitreous detachment-related retinal tears can lead to full retinal detachment requiring emergency room laser retinopexy. Not infrequently, it is the early career residents who are called upon to repair these tears under stressful conditions. 60 Reports suggest that only around 50% of laser retinopexy carried out under such circumstances is adequately performed in a single session, 71 and further reports suggest that 15% to 24% of procedures performed by residents are below par and require repeated attention. 72, 73 As mentioned above, such high-stake settings are not an ideal training ground, and hence simulated laser retinopexy training is desirable. A cheap simulator that can be used repeatedly and ad hoc would help to improve performance of residents under pressure. Moisseiev and Loewenstein 60 report the use of a commercially available model eye that is painted to represent the optic disc, fundus, retina, and vessels. Retinal tears are simulated using strips of paper placed under a flap on the back of the eye. An adjustable arm holds the eye at "patient" height and can maneuver the model into the laser. Burn marks along the paper strip indicate suturing of the defects, which are similar in size and shape to those encountered in real life.
The model requires no computer competency and is easily assembled and extremely cheap, with the only nonreusable part of the model being the paper strips. The model uses the same 3D mirror system as in the emergency room and thus gives a more authentic experience than VR programs. First-year residents with no previous exposure to such surgery reached a satisfactory competence after a single day of training. 60 Ultrasound simulation training has been shown to improve patient safety whereas ultrasound diagnosis has almost 100% specificity and sensitivity in detecting a number of ocular disorders. 74 In that light, Jafri et al 74 developed a simulator of exquisite simplicity for use in ultrasound practice, using ingredients such as gelatin, psyllium powder, and water mixed and molded in packaging scavenged from vending machine toys with which they are able to simulate 5 ophthalmologic conditions including retinal detachment, vitreous hemorrhage, and foreign body.
Very recently, a group in South Africa 75 reported a low-cost, medium-fidelity model for vitreoretinal surgery that addressed the lack of access to expensive VR models or wet labs. Their model consists of a wooden frame to represent the patient's forehead, a tennis ball "globe", a sponge to raise the ball to a workable height, a broken condensing lens to support the ball, holes for a light source (a small light-emitting diode), and pupil, with a total costing of around US$15.
In many resource-limited countries, attempts to standardize ophthalmologic licensing are not compulsory and are often ignored. 9 Various simulations discussed above such as telemedicine, low-technology simulators, and simulated patients are accessible in developing, remote, and rural areas. However, human resources can be limited due to either a lack of trainers or a lack of incentive of trainers that can extend to an active disincentive to train more specialists to compete in the same market. To address this need of trainers, other personnel such as ophthalmic nurses can be trained to instruct a specific skill or else specialists
PERSONAL REFLECTIONS IN DEVELOPMENT OF AN OPHTHALMOLOGICAL SIMULATED TRAINING DEVICE
Clinical refraction is one of the most important and fundamental clinical processes in optometry. It is the primary reason that people seek care from an optometrist. However, clinical refraction is often not taught correctly, especially where the practice of optometry lacks regulation, due to lack of skilled educators and training materials.
As a social enterprise seeking to reduce avoidable blindness around the world, we want to understand how refraction is performed across the world, and deliver targeted training interventions when steps of the refraction were missing or incorrect. In response to these challenges, we developed the Virtual Refractor, an online application (https://www.virtualrefractor. com) that simulates the process of refraction via a virtual patient who responds to lens combinations introduced by the user. The software has a back end system that allows an administrator to monitor and track user performance in refraction, key steps/milestones performed, along with time taken, accuracy, and the number of questions a practitioner asks the patient for each refraction.
The simulated learning environment is designed to be used to augment traditional learning and teaching in tertiary institutions of optometry and ophthalmology across the world, along with the optical retail industry in developing and emerging countries. The Virtual Refractor is designed to improve effectiveness of training, provide an engaging learning environment, save costs (reduced supervision of students and use of clinical facilities, reduced travel to deliver training, reduced chair time, reduced errors and remakes of lenses), and remotely monitor user performance.
Design considerations were made for use in environments with slow or intermittent data connectivity, multiple languages, and basic hardware/software requirements. These include the following:
1. Interactive user tutorial 2. Online tutorial for educators and administrators 3. Intuitive user interface and user experience design, minimizing use of text 4. Use on major web browsers 5. Minimize download size and streaming
The Brien Holden Vision Institute 76 of Queensland University of Technology conducted a study on the fourth and fifth year optometry students to evaluate the influence simulated learning environments have on clinical refraction performance. The case-control study involved 20 students using the virtual refractor technology and 20 students receiving traditional training. They found that simulated learning environments positively influenced clinical refraction outcomes for less experienced students and may be of benefit in increasing the skills of novice refractionists to levels appropriate for commencing supervised clinical interactions.
Challenges Faced During Development and Roll Out
Integration
Although we received interest from undergraduate programs, training institutions, and optical retailers across the world to use the Virtual Refractor, there are challenges to implementation. Schools and educators require support and protocols to implement and integrate the simulated learning environment into curricula. Challenges include the time and effort required to learn and administer the software to the class. Additionally, a trial frame version is likely to gain better uptake.
Business Model
Providing low-cost access is an avenue to fund the maintenance, support, and ongoing development of the software. In developing settings, it is difficult for users to have the mechanism to provide payment to access the service. As a result, the software is provided free of charge.
Marketing and Distribution Channels
Marketing the software to raise awareness of its availability, along with articulating the features and benefits of the software, is important. The establishment of multiple distribution channels, and having multiple trainers who are able to provide rapid and ongoing support, is critical.
Refraction
Once learned in the early years of an undergraduate curricula, refraction does not need to be revised. Therefore, the software has a narrow target audience in developed markets. In developing and emerging markets, it is difficult to change attitudes and behaviors.
Subjective clinical refraction is process driven, following a logical flow depending on the patient's response.
Validation of the refractor in various user settings is yet to be executed under the rigorous models highlighted above. Learnings from such trial will inform future generations of the tool.
CONCLUSIONS
In addition to a low ratio of ophthalmologists-to-population in resource-limited regions, specialists tend to be very unevenly distributed and of uneven skill. Fifteen countries worldwide are home to two-thirds of the world's ophthalmologists. 9 In subSaharan Africa there is 1 ophthalmologist per million inhabitants. 9 Hence, simulation in ophthalmology training is an emerging opportunity. As a rather latecomer to this field, ophthalmology can learn from those who have been developing robust methods to interpret evidence correctly and to assess validity in a comprehensive manner. Many medical apps fail in being "fit-for-purpose" because they are not properly tested and validated. 55 Going forward, the field could benefit from implementation of rigorous assessments such as those advocated by the Oxford Centre for Evidence-based Medicine. 24 Validity should comprise face, content, construct, concurrent, discriminative, and predictive measures. 77 With the many advantages of simulation for training of clinicians and assessment of patients in a cost-and resource-effective manner, we are poised to embrace the teachings of this powerful emerging field to deliver equitable and timely eye care.
